INTRODUCTION
Large veteran trees provide deadwood and a wide range of deadwood-related microhabitats, such as hollows, bare wood and fungal fruiting bodies, which offer feeding opportunities for highly diverse assemblages of biota (Siitonen & Ranius, 2015) . Due to this, veteran trees are key structures for sustaining biodiversity in wooded landscapes (Buse et al., 2008; Lindenmayer et al., 2014) . Large veterans occur primarily in open places that have escaped intensive forestry or agricultural practices, such as savannas, wood pastures, avenues, hedgerows, orchards, game reserves or parks (Manning et al., 2006; Siitonen & Ranius, 2015; Horák, 2017; Miklín et al., 2018) . Open woodlands support rich communities of animals including many lightdemanding species that cannot be found under closed can-1992), which specifi es species of special conservation interest. It is considered to be an ecosystem engineer; the damage to trees caused by its larvae creates favourable conditions for many other saproxylic insects (Buse et al., 2008) . Although closely associated with large trees (Buse et al., 2007; Albert et al., 2012) , C. cerdo occasionally develops in small trees (Sláma, 1998) . Therefore, it is a good model for investigating the variability in habitat requirements of saproxylic insects. Understanding the conditions that enable this beetle to exploit small trees might help to bridge a future gap in availability of veteran trees at currently inhabited sites, and thus increase the effectiveness of conservation measures aimed at this beetle and possibly also other veteran tree specialists.
To address the above issues, we recorded the parameters of trees locally exploited by three populations of C. cerdo. One population inhabits large trees growing on a fl oodplain, another inhabits medium-sized trees growing on dry sandy deposits, and the last population depends solely upon small trees growing on steep, rocky slopes of a river canyon. In order to reveal general and site-specifi c patterns in the exploitation of trees, we tested (i) whether the relationship between the probability of C. cerdo occurrence on trees and the characteristics of trees or their surroundings (diameter, canopy openness and state of tree health) differs among the sites, (ii) whether the relationship between the number of C. cerdo exit holes on a tree and the tree's characteristics differs among the sites, and (iii) whether species of oak or slope orientation affect the probability of C. cerdo occurrence and the number of its exit holes on trees.
MATERIAL AND METHODS

Study sites
This study was conducted at three sites inhabited by C. cerdo populations in South Moravia, Czech Republic. Each site is covered with a different type of woodland because of the abiotic conditions, such as terrain, humidity and substrate (Fig. 1) .
The sampling included: (i) Floodplain site covered by woodlands growing on mostly humid, nutrient rich soils in the Soutok game reserve (48°43´N, 16°55´E; 150 m a.s.l.; mean annual temperature 9.5°C; mean annual rainfall ~600 mm). There are large (diameters mostly > 1 m) and mostly open-grown, veteran pedunculate oaks (Quercus robur) in meadows at this site. For detailed information on the area and its woodland cover see .
(ii) Dry-sandy site covered by a thermophilous oak woodland on nutrient poor, dry sands of a river terrace in the Rendezvous National Nature Monument (48°45´N, 16°47´E; ~200 m a.s.l.; mean annual temperature 9.5°C; mean annual rainfall ~500 mm). There are semi-open stands of mostly old (up to 270 years) and mainly formerly coppiced Turkey oak (Q. cerris), pedunculate oak (Q. robur) and sessile oak (Q. petraea) of medium size (trunk diameters < 1 m) at this site.
(iii) Dry-rocky site covered by a xeric, dry woodland on nutrient poor, shallow soils on the steep, rocky slopes of the Dyje River canyon in the eastern part of the Podyji National Park (48°49´N, 15°58´E; 250-350 m a.s.l.; mean annual temperature 8.8°C; mean annual rainfall ~560 mm). There are mostly semiopen, formerly coppiced sessile oak (Q. petraea) stands both small in height and diameter (diameters mostly < 40 cm) at this site. The absence of large trees inhabited by C. cerdo in the wider 2012, 2014) and this has led to their associated specialists becoming highly endangered (Ranius, 2002; Siitonen & Ranius, 2015) . In areas with numerous large old trees there is often a lack of young trees (Alexander, 1998; Bergmeier et al., 2010; , leading to a potential gap in availability of old trees in the future, and thus to a temporal discontinuity in this precious habitat. Hence, bridging this gap in the availability of veteran trees is currently one of the main problems in the conservation of biodiversity in temperate regions (Gibbons et al., 2008; Miklín et al., 2018) .
In order to propose conservation recommendations for overcoming the lack of veteran trees, knowledge of the fundamental demands of veteran tree specialists is needed. Trees or deadwood of large diameter are often mentioned as an important resource for many endangered saproxylic species (Gossner et al., 2013; Seibold et al., 2015; Eckelt et al., 2018; Kostanjsek et al., 2018) , but many insects are at least occasionally able to exploit other habitats, such as younger and thinner trees or accumulated plant matter. For example, a model saproxylic beetle, the hollow specialist Osmoderma s.l. eremita mainly inhabits large hollow trees, but occasionally it is recorded in small trees with diameters of around 25 cm (Ranius et al., 2005; Barnouin et al., 2017) . Deadwood of small diameter (around 20 cm) and even wood chips may serve as a habitat for larvae of another model beetle, the stag beetle Lucanus cervus (Harvey et al., 2011) . In addition, the great capricorn beetle, Cerambyx cerdo, can also complete its development in large branches or occasionally in trees with a diameter less than 20 cm (Schwenke, 1974; Kimoto et al., 2006) . It is still unclear as to what extent such marginal habitats may facilitate the long-term survival of organisms generally associated with large veteran trees. Furthermore, there is limited knowledge about the conditions that facilitate the exploitation of such marginal habitats (Ranius, 2007; Harvey et al., 2011; Macagno et al., 2015) . Moreover, since habitat requirements may vary with biotic and/or abiotic conditions (Freese et al., 2006; Strausz et al., 2012) , information on the requirements obtained in one part of a species' distributional range, or habitat type, may not be relevant elsewhere, thus hampering conservation efforts (Cromsigt et al., 2012) .
The great capricorn beetle, Cerambyx cerdo Linnaeus 1758 (Cerambycidae), develops in the subcortical zone of trunks, branches and roots of open-grown old or weakened oaks (Quercus spp.) (Buse et al., 2007) . Inhabited trees can be identifi ed by typical oval exit (emergence) holes up to a width of 20 mm (Ehnström & Axelsson, 2002; Buse et al., 2007) . This beetle is distributed throughout the Mediterranean region, Central Europe and the Caucasus (Bily & Mehl, 1989; Sláma, 1998; Sama, 2002) . It is rare and declining in the northern parts of its European range (Sláma, 1998; Starzyk, 2004; Ellwanger, 2008; Jurc et al., 2008) . Due to this, the beetle is listed as near threatened in the European Red List of saproxylic beetles (Cálix et al., 2018) and is also included in Appendix II and IV of the EU's Habitats Directive (Council of the European Communities, surroundings of this site demonstrates the ability of this beetle to survive without large trees. For detailed information on this site, see Miklín et al. (2016) .
The dry-sandy site is seven km from the fl oodplain site and fi ve km from the nearest fl oodplain woodland inhabited by the beetle. The dry-rocky site is > 60 km from both of the other two sites. Molecular genetic analysis indicates that the populations at the fl oodplain and dry-sandy sites are connected (Drag & Cizek, 2015) , while the population inhabiting the dry-rocky site is most likely isolated.
Sampling strategy
At each site, oaks occupied by or potentially suitable for the great capricorn beetle were inspected for the presence of typical, up to 20 mm wide, oval-shaped exit holes of C. cerdo. For each tree, the presence/absence of exit holes and the number of exit holes were recorded. On the lower parts of the trunk, from 0 to 2.5 m above ground, we counted all the exit holes, higher up on the trunk, the number of exit holes was checked visually using binoculars and counted, or if too numerous to count the number was estimated. The number of exit holes up to 2.5 m and higher were then summed. Although estimating the number of exit holes higher up on the trunk may increase observation bias, we consider it negligible, as it is mostly the lower part of trunk that is used by the beetle (Albert et al., 2012) . Moreover, we recorded the characteristics of each tree and its surroundings, such as the diameter at breast height (DBH), the tree's state of health (a gradient from healthy to nearly dead) and the openness of the canopy around the tree (a gradient from fully closed to fully open) ( Table 1) . At the dry-sandy site, we also recorded the species of oak and at the dry-rocky site, we recorded the orientation of the slope as the terrain there is hilly.
At (i) the fl oodplain site, the inventory included oaks in mostly open and semi-open conditions with DBH > 40 cm within a selected area of ~600 ha in July 2006. At the two dry sites, the forest canopy is generally more open. At (ii) the dry-sandy site, details of all the oaks with DBH > 40 cm were recorded within the selected area of ca. 6.5 ha in July 2015, and at (iii) the dry-rocky site, the information for trees with DBH > 10 cm was recorded along 44 transects of 10 × 50 m, in an area covering 2.2 ha in July 2010. The different size of the sampling areas refl ects the low density of the trees sampled at the fl oodplain site and the limited area of suitable habitat at the other sites. We did not include standing dead trees in this study (Table 1) as such trees are unsuitable for the beetle; although in recently dead trees larvae can fi nish their development, females of the beetle do not lay eggs in dead trees. We inspected altogether 198, 515 and 353 trees at the fl oodplain, dry-sandy and dry-rocky sites, respectively, i.e. 1,066 trees in total ( Table 2 ). The threshold DBH values were set following preliminary surveys carried out at each site in order to determine the minimum DBH values of trees locally used by the beetle (Fig. 1) .
The p osition of each tree measured was located using GPS, except for the dry-rocky site, where only 176 trees out of 353 were located. This was because the distance between trees was often lower than the GPS precision, and the trees were thus recorded along transects. Based on GPS coordinates, we created a distance matrix of all trees with their spatial position marked (altogether 889 trees). For each of these trees we recorded the shortest distance to a measured tree occupied by C. cerdo, and thus created a variable representing distance to the nearest occupied tree. We included this variable in the statistical analysis (see below) but using a smaller dataset containing only trees with GPS locations.
To further describe the sites, we determined the radial growth of oaks. At each site, 4-17 randomly selected trees were cored using a steel increment borer (Mora™, Sweden). All cores were dried, glued onto a wooden lath, cut using a razor blade and inspected for injuries, reaction wood and other aberrant features. Tree rings were counted from pith to bark and their widths meas- Distance to the nearest measured tree occupied by Cerambyx cerdo. Computed from the distance matrix of all trees whose GPS coordinates were located. Continuous * At the dry-rocky site, not all the trees were located using GPS and therefore the distance to the nearest occupied tree was only included and tested in analyses on a smaller dataset with all the trees from the other sites, but only 176 trees from the dry-rocky site. See Materials and Methods and Supplementary Material. ured to the nearest 0.01 mm using a TimeTable device and PAST4 software (SCIEM, 2012) . Mean tree ring widths (and standard deviation) were: 3.13 mm per year (0.76) at the fl oodplain, 1.02 mm per year (0.18) at the dry-sandy and 0.87 mm per year (0.28) at the dry-rocky site.
Statistical analysis
We tested the effect of tree characteristics on the occurrence and number of C. cerdo exit holes on trees. In order to compare general and site-specifi c patterns in the exploitation of trees by C. cerdo, we fi t ted two types of regression models: genera lized linear and generalized linear mixed-effect models. Presence/absence data (occurrence) and number of exit holes (count data) served as dependent variables in specifi c models.
In order to fi lter out the effect of site and thus reveal general patterns, we fi tted generalized linear mixed-effect models using a binomial distribution (logit link) and Poisson distribution (log link) for presence/absence data and for number of exit holes, respectively. In both models, diameter, health and openness were explanatory variables and site a random factor variable. The models were built using forward selection procedure; only signifi cant terms were left in fi nal models. The models were fi tted using the Generalized Estimating Equations algorithm (Hojsgaard et al., 2006) .
To test whether the effect of tree characteristics differed among the sites studied, we fi tted generalized linear models using a binomial distribution (logit link) and quasi-Poisson distribution (log link) for presence/absence data and number of exit holes, respectively. In both models, diameter, health, openness and site were explanatory variables. After fi tting the models using forward selection procedure, we also tested the interaction terms of diameter, health and openness with site and included them in fi nal models if signifi cant.
To tes t the potential effect of distance to the nearest occupied tree, we then repeated the procedure but with a smaller dataset containing only the 889 trees with GPS locations. The variable nearest occupied tree was included in the forward selection procedure together with the other three variables.
Moreover, as we had the information on the species of oak at the dry-sandy site and information on slope orientation at the dryrocky site, we tested to what extent these might affect the results at a particular site. We created separate models for each of the sites, fi rstly testing the effects of diameter, health, openness and tree species on the occurrence and the number of exit holes on trees for the dry-sandy site, and secondly testing the effects of diameter, health, openness and slope orientation on the occurrence and the number of exit holes on trees for the dry-rocky site.
All the analyses were carried out using R 3.3.3 (R Core Team, 2017); generalized linear mixed-effect models were performed using the geepack package (Hojsgaard et al., 2006) .
RESULTS
Altogether, 1,066 oaks were inspected at the three sites. In total, 15,424 C. cerdo exit holes were recorded on 307 trees (see Table 2 for the summary of fi eld data).
General patterns
All three variables, diameter, openness and tree health, had a signifi cant effect on the occurrence of C. cerdo exit holes on trees (diameter: χ 
= 33.9, P < 0.0001). Coeffi cient estimates of model parameters are shown in the Table 3 . The probability of occurrence as well as the number of exit holes increased with the diameter of a tree, with greater canopy openness around a tree and with decreasing state of health of a tree (Fig. 2) .
Site-specifi c patterns
The models testing differences among the study sites showed that all three variables, tree health, diameter and openness, had a signifi cant effect on the occurrence of C. cerdo exit holes on trees (health: χ 2
(1) = 379, P < 0.0001; diameter: χ 2
(1) = 127, P < 0.0001; openness:
= 24, P < 0.0001) and site proved to have a signifi cant effect (χ 2
= 20, P < 0.0001). Moreover, interaction terms of health = 19, P = 0.023). Diameter, tree health and openness also had a significant effect on the number of exit holes on a tree (diameter: F (1,1064) = 1651, P < 0.0001; health: F (1,1063) = 413, P < 0.0001; openness: F (1,1062) = 128, P < 0.0001), and again, site also proved to have a signifi cant effect (F (2,1060) = 37.21, P < 0.0001). Regarding interaction, only the interaction between health and site was signifi cant (F (2,1058) = 3.84, P = 0.022). Coeffi cient estimates of model parameters are shown in Table 3 .
The distance to the nearest occupied tree did not have a signifi cant effect, either on the probability of occurrence of C. cerdo in trees (χ 2
(1) = 0.3, P = 0.58), or on the number of exit holes (F (1,882) = 3.71, P = 0.054) (see Table S1 of the Supplementary Material for more details).
At all sites, the probability of occurrence and the number of exit holes increased with the diameter of a tree, with a more open canopy around a tree and with decreasing state of health of a tree, but the shapes of the relationship differed considerably among the sites studied (Fig. 3) . For instance, at the dry-rocky site, the probability of occurrence exhibited a sharp increase at small diameters; at a DBH of 50 cm the probability was already higher than 0.50. In contrast, at the fl oodplain site, the increase with diameter was very slow, reaching a probability of 0.50 at ca. DBH of 160 cm. On the other hand, at the dry-rocky site, the probability of occurrence in relation to openness and state of health was lower or less steep than at the dry-sandy and fl oodplain sites. Regarding the number of exit holes, at the fl oodplain site there was a higher number of exit holes and constant increase with diameter, openness, and poorer state of health; the two dry sites had a comparatively lower number of exit holes (Fig. 3) .
Within-site effects
In a separate analysis of data from the dry-sandy site, where there were three species of oaks, tree species proved to have a signifi cant effect on both the occurrence and number of exit holes on a tree after all other signifi cant variables; Analysis of occurrence -health: χ 
= 6.5, P = 0.039. Analysis of the number of exit holes -health: F (1,513) = 569, P < 0.0001; openness: F (1,512) = 174, P < 0.0001; diameter: F (1,511) = 52.7, P < 0.0001; species: χ 2 (2,509) = 10.8, P < 0.0001. On average, the probability of the occurrence of exit holes was greater on Quercus petraea (0.24) and Q. robur (0.29) than on Q. cerris (0.10), and similarly, the mean number of exit holes was greater on Q. petraea (1.7) and Q. robur (2.4) than on Q. cerris (0.5), indicating that Q. cerris is less exploited by the beetle in this area.
In a separate analysis of data from the dry-rocky site, slope orientation proved to have a signifi cant effect on both occurrence and number of exit holes together with health and diameter, whereas openness did not have a signifi cant effect at this site. Analysis of occurrence -slope: χ 2 (4) = 128.5, P < 0.0001; health: χ
2
(1) = 45.6, P < 0.0001; diameter 
= 0.7, P = 0.42. Analysis of the number of exit holes -slope: F (4,348) = 41.7, P < 0.0001; health: F (1,347) = 82.6, P < 0.0001; diameter: F (1,346) = 27.2, P < 0.0001; openness: F (1,345) = 0.01, P = 0.91. On average, the probability of the occurrence of exit holes was greater for trees on slopes oriented to the West (0.92) and South (0.48) than for trees on fl at ground (0.09); no exit holes were found on trees on slopes oriented to the North and East. Similarly, the mean number of exit holes was greater on trees on slopes oriented to the West (3.92) and South (2.45) than on trees on fl at ground (0.22). These results indicate that in hilly terrain, trees are more prone to be exploited by the beetle if they grow on sun-facing and thus warmer slopes.
Coeffi cient estimates of model parameters for analyses of both dry-sandy and dry-rocky sites are shown in Table 4 .
DISCUSSION
The present study extends the knowledge on habitat use of the great capricorn beetle, an endangered saproxylic beetle regarded as a specialist feeder on veteran trees (Buse et al., 2007) . It corroborates the main fi ndings of previous studies, such as that decreasing health state of a tree, its increasing diameter and sunlight availability (herein represented by the openness and slope orientation) favour the presence of C. cerdo in trees (Buse et al., 2007; Albert et al., 2012) . More importantly, however, it reveals a high between-site variability in characteristics of trees exploited by this beetle, principally the variability in their diameter. This implies that although we can well describe the general patterns in habitat use and describe the beetle's fundamental niche, for the survival of local populations the local conditions and the beetle's realized niche are what is important and thus should be considered in conservation management planning. Below, we discuss the fi ndings and their implications for the conservation of C. cerdo and potentially other veteran tree specialists.
Diameter of inhabited trees and the importance of large trees
The probability of the presence of exit holes on a tree with respect to its diameter differed substantially among the sites. The number of exit holes on a tree, on the other hand, was affected mainly by tree diameter, rather than locality, as suggested by the positive relationship between tree diameter and the number of exit holes (Fig. 3) .
We consider the local soil and humidity conditions as the most likely factors behind the differences in the diameter of trees exploited by C. cerdo. The fl oodplain and the dryrocky sites represent extreme oak habitats. At the former site, nutrient rich, deep soils and a high water table offer optimal conditions for rapid growth, resulting in trees of large dimensions (Altman et al., 2016) . The dry-rocky site, on the other hand, is characterized by stressful conditions due to nutrient poor, shallow and desiccating soils, which result in slow growth and low vitality of the trees, allowing for colonisation of small trees by C. cerdo. Due to differences in the rate of growth between the two sites, the trees may reach the same probability of occupancy at a similar age (estimated by dividing the DBH of a tree with a particular probability of occurrence by average ring width), but the trees at the dry-rocky site are just smaller. At the dry-sandy site, tree growth was nearly as slow as at the dry-rocky site. The conditions at that site are, however, relatively stable. The trees thus remain vigorous for longer; they are likely to grow larger and become suitable for C. cerdo later than trees at the dry-rocky site.
The positive relationship between tree diameter and the number of exit holes (Fig. 3) indicates that tree diameter limits the number of C. cerdo exit holes via the amount of substrate suitable for larval development. There were about 30 times more exit holes on a large tree (~150 cm DBH) than on a small tree (~30 cm DBH). Although the number of exit holes may not be a direct measure of the number of beetles that developed in a tree, the two numbers are rather Table 4 . The results of the generalized linear models with binomial and (quasi-)Poisson distributions testing (A) the effect of species of oak (Quercus cerris, Q. petraea, Q. robur) on the probability of occurrence and the number of Cerambyx cerdo exit holes on trees at the dry-sandy site, and (B) the effect of slope orientation (East, North, South, West, fl at) on the probability of occurrence and the number of C. cerdo exit holes on trees at the dry-rocky site. The table gives estimates of the coeffi cients of model parameters with their standard errors, test statistics (z-value, t-value) and significance (P). Only signifi cant variables were included in the fi nal models (see the Results section for details). closely related. Moreover, at the dry-rocky site, trees were shorter in height and most of the exit holes (83%) were found up to 2.5 m above the ground, whereas at the drysandy and fl oodplain sites only one-third (33-38%) of all exit holes were found up to 2.5 m above the ground. As substantially more individuals of C. cerdo develop in large trees these represent larger habitat patches than small trees. Regarding the metapopulation theory (Hanski & Ovaskainen, 2003) , we hypothesize that the dimensions of trees may have an effect on population dynamics. It implies that the number of trees needed for the survival of C. cerdo populations is lower at sites with large trees than at sites with small trees. On large trees, individuals of C. cerdo are more likely to encounter a mate without moving to another tree. Thus, the need for dispersal may be higher in populations living on small trees (Clobert et al., 2004; Bowler & Benton, 2005) . Some authors even suggest that insect populations occupying small habitat patches may have a greater tendency to disperse in order to avoid inbreeding (Pusey & Wolf, 1996; , because in small patches the chance that individuals are closely related may be higher than in large patches. However, this theory seems to have limited support in the case of C. cerdo. On very small trees, only a single individual per year may emerge, whereas on large trees the probability of two emerging adults originating from the same hatch, and therefore closely related, may be higher. But in any case, if the small dimensions of trees drive the beetle to disperse more frequently, the populations inhabiting small trees are probably more likely to be susceptible to the effects of habitat fragmentation and isolation (Clobert et al., 2001; Ranius, 2006) , because dispersal always increases the risk of predation and abandoning a suitable habitat.
Published data indicate the existence of a relationship between diameter of inhabited trees and the incidence of dispersal for another veteran tree specialist, the hermit beetle (Osmoderma eremita). In Sweden, an average inhabited tree (with DBH of 130 cm) hosted ~11 beetles and the population structure was described as a metapopulation with low dispersal between trees (Ranius, , 2007 Hedin et al., 2008) . In Italy, where the inhabited trees were smaller (mean DBH of 65 cm) an average tree hosts only 0.5-2 individuals (Chiari et al., 2013) and the incidence of dispersal was higher (Chiari et al., 2012) . Although these differences in dispersal rate were attributed to differences in the climate at the northern and southern edges of the beetle's distributional range, they might also refl ect relatively low numbers of beetles per tree, determined by the parameters of the available trees. This needs to be studied further, by comparing the mobility of beetles from populations that exploit large and small trees growing in areas with the same climate.
Although most of the saproxylic species associated with large, veteran trees are also at least occasionally able to utilize small trees (Sláma, 1998; Harvey et al., 2011; Chiari et al., 2013) , it is the large trees that are likely to host the bulk of their populations and increase the probability of their survival. This is probably one of the main reasons for the great importance of large trees for C. cerdo (Buse et al., 2007; Albert et al., 2012) and probably also saproxylic biodiversity as a whole (Eckelt et al., 2018; Parmain & Bouget, 2018) .
Effect of species of oak
The presence of exit holes is also associated with the species of oak, as the Turkey oak (Quercus cerris) was less exploited by C. cerdo than the sessile and pedunculate oaks. Within the genus Quercus, the Turkey oak is distantly related to the sessile and pedunculate oaks (Oh & Manos, 2008; Denk & Grimm, 2010) and its wood differs from that of most other oaks by its lower durability and tendency to split (Ferrari et al., 2013) . Such wood properties may have a potentially adverse effect on C. cerdo, as is also proposed for the red oak (Quercus rubra) (Oleksa & Klejdysz, 2017) . This agrees with observations from Slovakia and Hungary, where this beetle is rather rare in stands of Turkey oak and even senescent, large Turkey oaks often lack any signs of the presence of C. cerdo (L. Cizek, pers. obs.). We attribute the observed pattern rather to the avoidance of Turkey oak by C. cerdo than to a lower detectability of old exit holes due to the faster decay of its wood, as larval galleries of C. cerdo reach deep into the wood and are detectable for decades. Turkey oak made up about 60% of the oaks inspected at the dry-sandy site and the lower occupancy of Turkey oaks probably has partially affected the results for this site. Similar occupancy, wood properties and the relatedness of pedunculate and sessile oaks, however, justify neglecting species of oak in data analyses of the two other study sites.
Distance to the nearest occupied tree
In contrast to Buse et al. (2007) or Oleksa & Klejdysz (2017), we did not fi nd any effect of distance to the nearest occupied tree on the probability of occurrence or on the number of exit holes of C. cerdo on trees. While traditionally the dispersal capacity of saproxylic insects was considered to be limited, recent studies show that dispersal may be strongly dependent on the life history of the species or group studied and is often greater than thought in the past Schauer et al., 2018) . This is also the case for C. cerdo, for which a radio-tracking study (Drag & Cizek, 2018) revealed dispersal over greater distances than reported in a previous mark-recapture study (Torres-Vila et al., 2017) . Therefore, the size of our three study sites might have been too small to reveal the dispersal limitations of C. cerdo.
Implications for conservation
Our fi ndings indicate that site conditions affect occupancy and potentially population dynamics, and therefore must be taken into consideration in developing management strategies for the conservation of C. cerdo. At inhabited sites, an inventory of all available oaks should be performed, specifying how many trees are occupied by the beetle, what is their state and diameter, and also what are the trees potentially suitable for C. cerdo there. As longterm planning is necessary for effi cient conservation of the organisms associated with veteran trees, it is also impor-tant to record the numbers and diameters of young trees in order to identify potential gaps in the future availability of suitable trees.
Since mortality of veteran trees exceeds their recruitment in the long term (Siitonen & Ranius, 2015) , there is a need to bridge the temporal gap in their availability (Gibbons et al., 2008; . Ensuring the continuity of large veteran trees is always the most desirable, though rarely an available option, simply because it is impossible to manipulate tree diameter and volume in the short term. Our results, nevertheless, indicate that even small (or young) trees may be utilized by C. cerdo beetle if they are exposed to sunshine and in poor health. Both exposure to sun and tree health can be manipulated. Thus, it is possible to bridge the gap in the availability of large veteran trees by creating large numbers of small trees that are exposed to sunshine and in poor health. In stands occupied by C. cerdo, opening the canopy by partial cutting or thinning should be followed by practices like, e.g. pollarding, grazing, bark-stripping, partial bark-ringing or fi re (Smith & Sutherland, 1999; Helm et al., 2011; Gruebler et al., 2013; Sebek et al., 2013; Reichmuth et al., 2018) .
At sites where C. cerdo inhabits small trees that sustain fewer beetles, greater areas of habitat and higher densities of suitable trees are needed to sustain these local populations. At sites where C. cerdo occupies large old trees, management should primarily focus on sustaining such trees to keep them alive as long as possible (Read, 2000; Lindenmayer, 2017 ) but also on taking care of other oaks in the surroundings. Increased canopy closure is a common problem in European woodlands Chudomelová et al., 2017) . It decreases the suitability of the existing veteran trees for C. cerdo and compromises their survival (Miklín et al., 2018) and also hinders the establishment of new generations of veteran trees. Maintenance of open oak woodlands is thus the key for the conservation of C. cerdo in temperate climates. There are several options for keeping or restoring the open structure of woodlands, such as grazing, signifi cant thinning, coppicing, or prescribed burning (Vera, 2000; Lindbladh et al., 2003; Hédl et al., 2010; Hanberry & Abrams, 2018) . The canopy of large open-grown oaks that are currently in closed-canopy conditions should be freed from the rest of the canopy by gradually and carefully clearing a circle or partial circle around them, a technique called "haloing" (Lonsdale, 2013) . The lifespan of old trees can be prolonged by crown reduction, which reduces the risk of trunk collapse, such as pollarding or shredding (Lonsdale, 2013; Sebek et al., 2013) . Moreover, in hilly areas where C. cerdo is present, conservation effort should target primarily South-and West-facing slopes, and in stands composed of several species of oak, the sessile and pedunculate oaks should be of a primary interest.
It is important to stress that the above-mentioned recommendations apply principally to woodlands in the temperate zone, where C. cerdo is considered to be a threatened species. In Mediterranean regions of Europe, the requirements of this beetle may differ signifi cantly. Firstly, C. cerdo there usually exploits other species of oak, mostly holm oak (Quercus ilex) and cork oak (Q. suber) (Sallé et al., 2014; Torres-Vila et al., 2017) . Secondly, in a warm climate, even trees on East-and North-facing slopes may be utilized. Finally, in some parts of the Mediterranean, C. cerdo is considered a pest, being one of the principal insect species responsible for oak decline (Sallé et al., 2014; Duque-Lazo & Navarro-Cerrillo, 2017 ) and thus not a species in need of protection.
Study limitations
With respect to the different rates of growth of trees recorded at different sites, it would be interesting to relate the exploitation of trees by C. cerdo directly to tree age, not their diameter (Horák, 2017) . However, this approach would require coring and analysing hundreds of trees, which is beyond the scope of this study. And it is, unfortunately, a general limitation in most studies relating habitat use of woodland biota to the diameter of trees growing under different conditions or managements (Jüriado et al., 2009; Nascimbene et al., 2013; Horák, 2017; Nordén et al., 2018) . Based on the average ring widths (growth rate) measured for our sites, the trees at dry sites grew about three times slower than at the fl oodplain site and the trees on fl oodplains thus reach large dimensions sooner than those on the dry sites. But when comparing particular occurrence probabilities divided by average ring width, trees at the dry-rocky and the fl oodplain sites may have a similar occupancy by C. cerdo at a similar age, and trees at the drysandy site reach such probabilities later.
Further, it would be interesting to compare data from more sites. The dry-sandy and dry-rocky sites are, however, the only such sites hosting populations of C. cerdo in the Czech Republic, the closest similar sites being further east in Slovakia or Hungary. Although there are sites with C. cerdo inhabiting smaller trees in Southern Europe, they are occupied also by other large species of Cerambyx (C. miles, or C. welensii) with exit holes indistinguishable from those of C. cerdo. Most studies on the ecology of large saproxylic beetles are based on data collected at smaller spatial scales and less intensive in terms of the number of trees sampled (Ranius, 2001; Buse et al., 2007) , indicating that a larger, continental-wide, approach is necessary. Such an approach is especially important for the saproxylic beetles listed in the EU's Habitat Directive (Council of the European Communities, 1992), which serve as focal species for conservation in most European countries.
CONCLUSIONS
The present study revealed that the habitat requirements of C. cerdo differ signifi cantly among sites. Management aimed at conservation of its populations thus has to respect the local requirements of the beetle. Further, the study showed that large oaks are very important for C. cerdo because they represent large patches of suitable habitat. At the same time, however, it showed they are not a necessary condition for the survival of C. cerdo. It is principally exposure to sunshine and the state of health of the trees that is important for this beetle. Therefore, a tree becomes suitable for C. cerdo once it contains wood suitable for the development of its larvae, regardless of its diameter or age. This knowledge has important implications for the effective conservation of this species and possibly also other veteran tree specialists. It indicates that although focusing on ensuring the presence of large veteran trees is crucial, efforts might also be directed towards active creation of suitable conditions in smaller trees, especially if there are a low number of large trees at the site. 
